In Japan, most sudden deaths occurring during bathing happen in the winter, and predominantly to elderly people. One can infer a relation to physical conditions that are specific to aging. Atrial fibrillation, an arrhythmia, increases with age. This study examined histological changes in the pulmonary vein myocardial sleeves of sudden bathtub death victims and compared them with those of control individuals. We investigated 35 sudden deaths that occurred during bathing and 34 accidental deaths or deaths caused by diseases unrelated to cardiopathies. Pulmonary veins were excised cross-sectionally from the hilar side to the venoatrial junction. Then they were stained with hematoxylin and eosin, resorcin-fuchsin van Gieson, and Congo-red stains. Amyloid deposits in the pulmonary vein myocardial sleeves, as well as the range and severity of scarring, were graded microscopically on a scale of 0-3. In the sudden bathtub death victims, severe scarring was found in the myocardial sleeves of the four pulmonary veins (mean score, 2.0), which was significantly different (p < 0.05) from the control subjects (mean score, 1.4). Cardiomegaly was found in 28 out of the autopsied individuals. In subjects with cardiomegaly, the mean value of pulmonary vein myocardial sleeve scarring was 2.1. In subjects without cardiomegaly, the mean value was 1.8. Comparison revealed that cardiomegaly was associated significantly with scarring progression and degeneration of the myocardial sleeves. Scarring of the pulmonary vein myocardial sleeves was more advanced in victims of sudden bathtub death than in controls without heart disease. Elderly people with scarring of the pulmonary vein myocardial sleeves are likely to develop degenerative variations in their intra-atrial excitation conduction. These results demonstrate that taking hot baths might induce supraventricular arrhythmias such as atrial fibrillation.
Introduction
Japanese people have a unique mode of bathing. A bather is immersed up to the shoulders for approximately 10 -30 min in a bathtub that has been filled with hot water (40˚C -42˚C). Consequently, in Japan, sudden deaths of elderly people during bathing constitute an important social issue. The immediate cause of death in most cases is drowning caused by the aspiration of hot water. This manner of death, designated as the "dead in hot bathtub phenomenon" [1] , becomes increasingly common during the winter: between November and March. The mechanisms underlying sudden bathtub death have not yet been fully elucidated. Sudden bathtub deaths predominantly affect elderly people. Therefore, this phenomenon is suspected of being associated with physical conditions specific to aging. This study specifically examines a putative connection to age-related changes to the cardiovascular system.
Chiba et al. reported the development of arrhythmias, such as supraventricular extrasystole, atrial fibrillation, ventricular extrasystole, and ventricular tachycardia, in elderly subjects during bathing in the winter [2] . Based on various parameters including electrocardiographic data, the study participants were regarded as demonstrating changes that placed them at high risk. Therefore, when they entered a hot bath during the cold season, the effects of hydrostatic pressure generated physical compensatory effects, which might have caused coronary artery stenosis. The stenosis might have a particularly strong effect on elderly people with reduced respiratory function. When a diastolic overload occurs rapidly in the right atrium, attributable to an increase in venous return resulting from the increased hydrostatic pressure during bathing, the resulting dilation of the right atrium is likely to cause morphological changes in the tricuspid annulus. These effects are likely to cause similar changes in the atrioventricular node, which is located near the septal leaflet of the tricuspid valve. Such changes might induce supraventricular arrhythmia. When a sudden, bath-related increase in blood pressure and heart rate occurs in conjunction with atrial fibrillation or supraventricular arrhythmia, a person might experience dizziness or unconsciousness. For a person immersed in a bathtub, fatal aspiration of water might occur.
Atrial fibrillation increases with advancing age. The prevalence of atrial fibrillation is reported to begin increasing at approximately 40 years of age. For people in their fourth decade of life, the prevalence is 2.3%, rising to 5.9% in individuals who are 65 years old or older [3] . In general, in addition to heart disease (such as mitral stenosis, mitral insufficiency, and atrial septal defects), which adds an additional load on the atrium, other causes of atrial fibrillation include hypertension, endocrine disorders, stress, and alcohol use. Typically, these factors mutually interact in a complex manner [3] [4] .
Haïssaguerre et al. reported previously that, in elderly people and patients with atrial fibrillation caused by organic heart disease, most ectopic stimulations arise from the pulmonary veins [5] [6] . In regions surrounding the pulmonary veins in humans and animals, some atrial muscles from the left atrium have a sleeve-like elongated shape. Inflammation and pressure loads might engender fibrosis, extension, and thinning of the atrial wall, enhancing the normal degenerative histological changes that begin after birth. The atrial muscle sleeves of the pulmonary veins are continuous with atrial muscles. They also change with age. Consequently, fibrosis of the myocardial sleeves occurs in addition to disordered arrangement of the muscle sleeve margins. Their structural and electrical reshaping is believed to progress with age, engendering the development of atrial fibrillation [7] - [9] .
Our previous report on arrhythmias involving fibrosis and degeneration of the myocardial sleeves showed that, compared with patients with no history of atrial fibrillation, those with a history of atrial fibrillation exhibited significantly greater degeneration and disturbances of the muscle sleeve margins [10] . Conduction can be blocked because of the presence of pulmonary vein myocardial sleeve scarring, causing atrial fibrillation.
A considerable number of victims of sudden bathtub death had no history of disease. In most cases, data related to electrocardiographic abnormalities are not available. Based on autopsy results, morphological demonstration of electrophysiological cardiac abnormalities was also not feasible. Therefore, the most suitable method is believed to estimate electrocardiographic abnormalities through detailed examinations of cardiac morphological changes.
This study was conducted to elucidate the morphological changes causing atrial fibrillation, and to ascertain the changes in pulmonary vein myocardial sleeves observed in autopsy specimens from sudden bathtub death victims, compared with those in control individuals.
Subjects and Methods
The study examined 69 heart specimens, including the four pulmonary veins, obtained during autopsies con-
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ducted from January 2007 through December 2008. The 35 people who died of sudden bathtub death showed signs of drowning, but the cause of drowning was unknown in each case. The 34 control subjects were autopsy specimens from individuals who had died of diseases or accidents, but who did not have a history of heart disease such as arrhythmia. The selection of the subjects was adjusted by age to avoid differences in clinical characteristics between both groups.
To excise the pulmonary veins, cardiac tissue incisions were extended to the hilar side. Each heart was excised along with its pulmonary veins. Gauze was inserted into the pulmonary veins to maintain the specimen shape. The specimens were fixed in 10% buffered formalin. Figure 1 schematically depicts the objective pulmonary veins in the heart. The four pulmonary veins (the left and right superior pulmonary veins, and the left and right inferior pulmonary veins) were cut in a cross-sectional manner from the hilar side to the venoatrial junction at intervals of 4 -5 mm. The slices were stained with hematoxylin and eosin, resorcin-fuchsin van Gieson, and Congo-red stains.
The amyloid deposits in the myocardial sleeves of the pulmonary veins, as well as the range and severity of the scarring, were graded after masking the personal information and history of the subjects. The grading was done using a scale of 0-3, based on the following criteria: isolated atrial amyloid deposits were graded as 0 (not present), 1 (occasional fine fibers around cardiomyocytes and/or in the walls of small intramyocardial vessels, mostly in the inner layers of the sleeve), 2 (more frequent fibers throughout the entire thickness of the sleeve, and 3 (dense network of fibers and/or solid foci). Scarring was graded as 0 (absent), 1 (isolated foci of fibrosis, affecting only a part of the sleeve and/or mild diffuse interstitial fibrosis), 2 (isolated foci of fibrosis affecting the entire thickness of the sleeve and/or moderately severe diffuse interstitial fibrosis), and 3 (multiple confluent foci affecting the entire sleeve thickness and/or severe scaring completely replacing the myocardium). Cardiomegaly was assessed as heart weight > 400 g, Sato's cardiac index [11] > 2.5 points, and left ventricular wall thickness measuring ≥ 1.5 cm.
The presence or absence of statistically significant differences was tested using Fisher's exact test. A p-value < 0.05 was inferred as a statistically significant difference.
Results
The mean age of the 34 sudden bathtub death victims (18 male, 16 female) was 74.5 ± 11.7 years. The mean age of the 35 control individuals (26 male, 9 female) was 75.0 ± 13.0 years. Among the sudden bathtub death cases, only two individuals had a history of atrial fibrillation ( Table 1) , but the immediate cause of death in all cases was drowning. In the control group, 19 individuals died because of traumatic injuries; 16 died because of endogenous, non-cardiac-related causes. The histological examination, involving amyloidosis and scarring grading, was performed separately by two pathologists blinded to the clinical data and autopsy findings. The results obtained by the two pathologists were not greatly different, but when differences arose, the results were discussed. A consensus was reached in each case.
The myocardial sleeves are shaped by left atrial myocardium extending over the pulmonary veins, covering them for a variable distance towards the pulmonary hilus and even beyond it. The sleeves are always positioned on the adventitial side of the pulmonary veins, separated from the media by a fibrofatty layers (Figure 2) . The histopathologic evaluation revealed that the average degree of myocardial sleeve scarring was 2.0 in the sudden bathtub death group, and 1.4 in the control group; this difference was significant ( Table 2) . For the sudden bathtub death cases and the controls, no significant difference was found in the extent of scarring of the four pulmonary veins.
Scaring of the myocardial sleeves was universal, present at least mildly in all 273 sleeves. In the mild cases, intercellular fibrosis affected only an isolated muscle bundle. In the advanced cases, the whole thickness was collagenised and the sleeve become thinner, most markedly at the periphery; the fibrosed fingerlike projections of its myocardium acquired a winding shape (Figure 3) .
In the myocardial sleeves of pulmonary veins, amyloid deposition was present in 55 hearts (79.7%) in a total of 146 sleeves (53.4%) (Figure 4) . The mean pulmonary vein myocardial sleeve amyloid deposition score was 1.0 in the sudden bathtub death group and 0.8 in the control group. The difference between the groups was not significant ( Table 3) . The sudden bathtub death hearts showed no abnormal findings such as bleeding or fibrosis in the atrioventricular node.
Cardiomegaly was present in 16 of the sudden bathtub death hearts and in 12 of the control organs; 41 hearts from the two groups exhibited no cardiomegaly. The mean pulmonary vein myocardial sleeve scarring score was 2.1 in individuals with cardiomegaly and 1.8 in individuals without cardiomegaly. These findings demonstrated that the scarring, fibrosis, and degeneration of the pulmonary vein myocardial sleeves were significantly more advanced in individuals with cardiomegaly ( Table 4 ). 
Discussion
Sudden bathtub deaths occur often in Japan, although the phenomenon is rare in the United States and in European countries [1] , probably because of the unique bathing behaviors of Japanese people. Several theories exist in relation to the causes of sudden bathtub deaths. Nevertheless, the pathogenesis of the condition has not been fully elucidated to date. The three major theories related to the mechanism of sudden bathtub death are hyperthermia, transient ischemic attacks, and critical arrhythmias. Yoshioka et al. reported previously that when an elderly subject bathed in hot water at a temperature of 41˚C for 3 min, the person's body temperature rose to 38˚C -39˚C, taking approximately 10 min to return to normal after bathing [12] . Elderly people are believed to have disturbed autonomic functions. As a result, they often have sweating and cutaneous vasodilatory response dysfunctions. Such autonomic dysfunctions are therefore believed to make them more susceptible to hyperthermia. Consequently, they are more prone to a loss of consciousness during a hot bath, and might die of heat stroke-related drowning in the bathtub.
Shigeomi et al. previously reported blood pressures and pulse rates of elderly subjects (≥60 years old) before bathing, in the dressing room, immediately after entering the bath, during bathing, and after exiting the bath. They found that, in the winter, the systolic blood pressures of the individuals increased while in the dressing room. Then, two minutes after entering the bath, their systolic blood pressure decreased significantly compared to that measured before bathing [13] . When these blood pressure fluctuations are of high amplitude, the individual is at increased risk of experiencing a transient ischemic attack. If a transient ischemic attack occurs while the subject is bathing, drowning is likely.
Chiba et al. reported that when elderly people bathe for five minutes in hot water at a temperature of 41˚C in the winter, they experience increased oxygen consumption, peripheral vascular resistance, and cardiac output. The electrocardiograms of 12 out of 20 elderly subjects showed arrhythmias while bathing, such as supraventricular extrasystole, atrial fibrillation, ventricular extrasystole, and ventricular tachycardia. These findings suggest that bathing induces cardiopulmonary function fluctuations. Again, if a loss of consciousness occurs as a result of an arrhythmia during bathing, then the risk of death caused by drowning is increased [2] .
Autopsies of sudden bathtub death victims were surveyed based on the deceased person's age, sex, bathing location, month of occurrence, cause of death, and presence or absence of findings suggesting drowning. Results showed that the victims had a mean age of 71.8 years. Most deaths occurred during the winter: between November and March. Among the causes of death, ischemic heart disease accounted for 31.6%, cardiomegaly accounted for 29.9%, and high blood alcohol levels accounted for 16.7%. However, the autopsy findings usually revealed no evidence of any other disease except age-related arteriosclerosis. In a considerable number of cases, isolated findings of drowning were found in the lungs. Toxicology results were negative [1] .
In some cases of sudden bathtub death, the cause of the unconsciousness in the bathtub remained unknown, even after the autopsy. From autopsy findings, we inferred that in some victims, arrhythmia might have caused a loss of consciousness and drowning.
For this investigation of the causes of sudden bathtub deaths, we examined the histological changes in the myocardium at the level of the myocardial sleeves of the pulmonary veins, which are regarded as the origins of atrial fibrillation. We compared autopsy cases of sudden bathtub death with autopsy investigations of control hearts without heart disease. The findings showed that the pulmonary vein myocardial sleeves demonstrated significantly more fibrosis and scar formation in victims of sudden bathtub death than did those of the controls.
Previous reports have described scarring, fibrosis, and histological discontinuity of the myocardial sleeves as progressive. They are reportedly most severe in autopsy cases with atrial fibrillation [7] . Reshaping of the muscle layers of the pulmonary vein myocardial sleeves is associated with aging. Their degeneration results from the infiltration of inflammatory cells and subsequent collagen fiber formation [14] . These changes are attributable to increased atrial tension caused by increased pressure on the left atrium.
During the onset of atrial fibrillation, functional and histological changes in the atrial muscles and myocardial sleeves cause variations in nerve excitation and conduction, leading to the formation of multiple excitation waves propagating in different directions. Each excitation wave shows a swirling, known as "reentry," while exciting the atrium in such a way as to fill the excitation gap. This causes the development of the so-called spiral entry, which is believed to trigger atrial fibrillation [15] - [17] . Elevated left atrial pressure and enlargement of the left atrial and pulmonary vein diameters have been reported from a clinical study of atrial fibrillation in patients, without underlying disease. The incidence of atrial fibrillation increases with age. Therefore, it is likely to be caused by the age-related degeneration, fibrosis, and failure of the myocardial sleeves [18] . Table 4 shows the severity of myocardial sleeve fibrosis and scarring among the 28 cases of cardiomegaly and the 41 cases without cardiomegaly. In the presence of cardiomegaly, myocardial sleeve fibrosis was severe, and showed a significant difference compared with that found in individuals without cardiomegaly. Cardiomegaly was found in 17 of the 35 sudden bathtub death victims. The pressure overload attributable to cardiomegaly was inferred as a cause of the pulmonary vein myocardial sleeve scarring and fibrosis. However, scarring of the pulmonary vein myocardial sleeves was also found in some individuals without cardiomegaly, suggesting the need for additional investigation.
Results of this study showed that, compared with controls without heart disease, the sudden bathtub death victims showed increased scarring of the pulmonary vein myocardial sleeves. This result suggests that these regions might be the foci for the development of supraventricular arrhythmias such as asymptomatic atrial fibrillation. Results of this study suggest that, among elderly victims of sudden bathtub death, deaths in some cases might be attributable to asymptomatic atrial fibrillation.
Conclusion
We compared autopsy cases of sudden bathtub death with autopsy investigations of control hearts without heart disease. The findings showed that the pulmonary vein myocardial sleeves demonstrated significantly more fibrosis and scar formation in victims of sudden bathtub death than did those of the controls. Reshaping of the muscle layers of the pulmonary vein myocardial sleeves is associated with aging. Results of this study suggest that, among elderly victims of sudden bathtub death, deaths in some cases might be attributable to asymptomatic atrial fibrillation.
